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POSTFLIGHT SIMULATION OF THE MOLL0 5 TRAJECTORY FROM 

. 

THE SECOND DPS BURN TO TOUCHDOWN 

By Veit Hanssen 

SUMMARY AND INTRODUCTION 

This document presents per t inent  p o s t f l i g h t  t r a j e c t o r y  d a t a  f o r  
t h e  Apollo 5 (AS-204/LM-1) Mission f r o m  t h e  i n i t i a l i z a t i o n  of t h e  second 
descent propulsion system (DPS) burn t o  touchdown. The t r a j e c t o r y  w a s  
reconstructed based on t racking  vectors obtained during real time and b e s t  
estimated t r a j e c t o r y  (BET) vectors derived during p o s t f l i g h t  ana lys i s .  

Apollo 5 w a s  designed t o  man-rate t h e  lunar  module. I ts  primary ob- 
j e c t i v e s  were mul t ip le  f i r i n g  of  the descent and ascent engines, deple t ing  
t h e  f u e l  during t h e  second ascent propulsion system ( A P S )  burn, and verify- 
i ng  t h e  abort  s tag ing  f'unction. These objec t ives  were met. 

Another ob jec t ive ,  not mandatory f o r  mission success, w a s  ver i fy ing  
the  onboard guidance. However, a p rema tu re  shutdown of t he  f i r s t  DPS burn 
resulted from t h e  t h r u s t  buildup not  s a t i s f y i n g  t h e  required d e l t a  ve loc i ty  
t i m e  c r i t e r i a  monitored by the  guidance system, and t h e  LM guidance computer 
terminated t h e  burn. Due t o  t h i s  premature shutdown of t he  f irst  DPS burn 
and communications problems between f l i g h t  con t ro l  and t h e  spacec ra f t ,  it 
w a s  decided not t o  r e t a rge t  the second DPS burn, bu% t o  use a l t e r n a t e  m i s -  
s i on  sequences f o r  t h e  remainder of t h e  f l i g h t .  Since gimbal lock occurred 
during t h e  second APS burn and ne i ther  valid a t t i t u d e  nor state vec tor  
d a t a  were available f o r  t he  remaining burn time u n t i l  f u e l  deple t ion ,  t he  
simulated poin t  of touchdown, based on a b a l l i s t i c  r een t ry  could not be 
v e r i f i e d  by any real-time data. 

SUMMARY OF INPUT DATA 

For an equivalent six-degree-of-freedom, o rb i t a l - in t eg ra t ion ,  spacecraft-  
a t t i t ude -con t ro l  simulation , t h e  coupling data un i t  (CDU) angles obtained 
from downlink telemetry infomat ion  were used f o r  program reader assembly 
(PRA) sequences I11 and V u n t i l  gimbal lock. 
assumed during t h e  remainder o f  the burn. 

Constant a t t i t u d e  r a t e s  were 



A BET s t a t e  vector w a s  used t o  i n i t i a l i z e  t h e  PRA I11 burn sequence 
and as t r a j e c t o r y  updates pas t  PRA I11 and p r i o r  t o  t h e  PRA V sequence. 

Apollo 5 launch occurred from launch complex 37B of t h e  Kennedy Space 

Center, at 22h48"8s G . m . t .  on January 22, 1968. The S-IB launch vehic le  
configuration and i l l u s t r a t i o n  of LM-1 a r e  presented i n  f igures  1 and 2. 
The major events following l i f t - o f f  are presented i n  t a b l e  I ,  and t h e  
ground t r acks  are shown i n  f igu re  3. 

LM/S-IVB separation w a s  i n i t i a t e d  at 53m55.9s g .e . t .  within t h e  t rack-  
ing  range of Carnarvon. 
90 and 120 n. m i . ,  r espec t ive ly .  

place at 3h59m41.7s over Carnarvon. 
t he  expected acce lera t ion ,  t h e  LM guidance computer commanded e a r l y  cu tof f .  
This resulted i n  a 4.17-second first-DPS burn and an o r b i t  with 92- by 
120-n.. m i .  perigee and apogee a l t i t u d e ,  respec t ive ly .  This o r b i t  made an 
a l t e r n a t e  mission necessary. F l igh t  cont ro l  had t h e  option of  r e t a rge t ing  
t h e  second DPS maneuver or  choose a PRA sequence which provides only r a t e  
damping control.  Since a r e t a rge ted  second DPS burn would have had only 
one burn of  about 58.5-seconds duration and was more complicated t o  i n i -  
t i a t e ,  a decision i n  favor of a l t e r n a t e  Mission C (PRA sequence 111) w a s  
made, which consisted of two DPS burns and two APS burns and included abort  
s t  aging. 

The r e s u l t i n g  perigee and apogee a l t i t u d e s  were 
The first  descent engine i g n i t i o n  took 

Since t h e  AV monitor d id  not sense 
~ 

The engine performance and spacecraft  weight data used w a s  based on 
Apollo 5 pos t f l i gh t  determination ( r e f .  1). 

A f t e r  the first APS burn, f l i g h t  c o n t r o l  terminated t h e  onboard PRA I11 
tape  which also could have provided a coas t  phase and a second APS burn t o  
depletion. 
burn was considered; however, a decision w a s  made i n  favor of t h e  PRA V 
sequence. 

The p o s s i b i l i t y  of using t h e  LGC f o r  a r e t a rge ted  second APS 

I PRA I11 

h m s  PRA I11 sequence w a s  i n i t i a t e d  at 6,lO 0 as a r e s u l t  of DPS-1 failure. 

MISSION DESCRIPTION 

Mission P r io r  t o  PRA Sequence I11 

This a l t e rna te  mission sequence cons is ted  of two D P S ,  an abort  s tag ing  
and one APS burn. Figure 4 presents  t r a j e c t o r y  parameter t i m e  h i s t o r i e s  

. 

f 
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fo r  t h e  PRA I11 sequence. Tables I1 through V I 1 1  present simulated t r a j e c -  
t o ry  data from PRA I11 t o  touchdown. 

"he s i g n a l  f o r  PRA I11 sequence command i n i t i a t i o n  w a s  followed by a 
10.1-second RCS burn and a 4.9-second coast  phase preceding t h e  u l lage  f o r  
t h e  second DPS ign i t ion .  
ullage, and t h e  RCS t h r u s t e r s  cut o f f  at 4.6 seconds a f t e r  DPS engine-on. 
The descent engine burned f o r  26 seconds a t  10 percent t h r u s t  and f i r e d  
f o r  t h e  remaining 7 seconds at full t h r u s t  i n  a fixed t h r o t t l e  pos i t i on .  

The descent engine i g n i t e d  after an 8.3-second 

A t  sequence I11 burn i n i t i a t i o n ,  t he  LM w a s  p i tched  down 6.7' and 
yawed north 96.8O with respec t  t o  the i n e r t i a l  ve loc i ty  vector.  
ond DPS burn r e s u l t e d  i n  a 106-fps AV using about 310 l b  of propel lan t .  

The sec- 

The second DPS burn w a s  followed by a 23.7-second coast phase which 
terminated at an 8.3-second u l lage  preceding t h e  t h i r d  DPS burn. 
DPS-2, t h e  RCS t h r u s t e r s  cu t  o f f  at 4.6 seconds af'ter DPS i g n i t i o n .  

A s  on 

This burn r e su l t ed  i n  a AV of 48 f p s .  A t  t h e  end of t h i s  burn, t h e  
descent s tage  w a s  aborted and inser ted  i n t o  an o r b i t  of 94- by 209-n. m i .  
perigee and apogee a l t i t u d e s ,  respec t ive ly ,  which gave the  descent s tage  
an approximate l i f e t i m e  of 21  days. 

PRA V 

h The PRA V sequence w a s  i n i t i a t e d  over H a w a i i  a t  7 4955' .  The t r a j e c -  
t o r y  parameter time h i s t o r i e s  a re  shown i n  f igu re  5.  

A t  PRA V i n i t i a t i o n ,  t h e  LM was  i n  an a t t i t u d e  of 28' pitchup and 
129' yaw south. 

RCS i g n i t i o n  p r i o r  t o  t h e  second APS burn took place 5.3 seconds a f t e r  

The sec- 
PRA V i n i t i a t e ,  and main engine-on occurred at 12.5 seconds of RCS burn 
t i m e .  
ond APS burn t o  f u e l  depletion had a duration of 340 seconds and i t s  e s t i -  

mated termination occurred a t  7 50 13.8 . 
The u l lage  terminated at 4.5 seconds a f t e r  APS-2 ign i t i on .  

h m  s 

Gimbal lock occurred a t  ?4?m3Os. The uncertainty of a t t i t u d e s  a f t e r  
gimbal lock and t h e  lack of posit ion data at burnout caused unce r t a in t i e s  
i n  t h e  determination of t h e  o s c i l l a t i n g  elements during the  remaining 
160 seconds of t h e  burn. 

Simulations ind ica ted  a t o t a l  AV of approximately 6000 f p s  and a re- 
s u l t i n g  o r b i t  of -350 by 120 n. m i .  perigee and apogee a l t i t u d e s ,  
respec t ive ly .  
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h m  BET vector es tab l i shed  at 7 40 39.91' g . e . t .  w a s  used t o  i n i t i a l i z e  
t h e  APS-2 simulated burn reconstruct ion.  

The ascent s tage ign i t ed  0.3 seconds a f t e r  separat ion at an a t t i t u d e  

The f i r s t  APS burn had a duration of 60 seconds and r e su l t ed  
of 1.3' pi tch  down and 103' yawed north with respect  t o  the  i n e r t i a l  veloc- 
i t v  vector.  
i n  670-fps AV. 
519-n. m i .  predicted per igee and apogee a l t i t u d e ,  respec t ive ly .  

The ascent s tage  at burnout w a s  i n  an o r b i t  of  92- by 

Short ly  a f t e r  completing the  f i r s t  ascent engine burn,  cont ro l  w a s  
re turned t o  the guidance computer t o  regain spacecraf t  a t t i t u d e  cont ro l  
and avoid gimbal lock i n  t h e  i n e r t i a l  platform. 
were immediately experienced. Because the  guidance computer w a s  i n  an 
i d l i n g  mode during sequence I11 cont ro l ,  t he  t h r u s t e r  commands were based 
on prestaging i n e r t i a s .  Propel lant  valves i n  t h e  reac t ion  cont ro l  "A" 
system were shut o f f  by ground command t o  conserve propel lan ts  and the  "B" 
system propel lants  were depleted within 5 minutes after t h e  "A" system w a s  
shut  off .  The "A" system propel lant  valves were subsequently reopened and 
connected t o  t h e  "B" system t h r u s t e r s  by t h e  crossfeed valves;  t he re fo re ,  
a t t i t u d e  control  w a s  maintained. P r io r  t o  the  second burn, t h e  intercon- 
nect valves were opened t o  provide propel lants  t o  t h e  t h r u s t e r s  d i r e c t l y  
from t h e  ascent engine propel lant  tanks.  The cont ro l  t h r u s t e r s  immediately 
performed with full author i ty .  

Excessive t h r u s t e r  f i r i n g s  

The conditions presented i n  t a b l e  I X  f o r  t h e  t racking  vector  comparison 
at abort  staging ( fire-in-the-hole - FITH) were obtained by in t eg ra t ing  a 
f r ee - f l i gh t  NORAD t rack ing  vector f o r  t he  LM descent s tage  back t o  t h e  time 
of FITH. The t racking  vector  presented fo r  APS-1 cutof f  were determined 
by in tegra t ing  a post-APS-1 f r ee - f l i gh t  vector  back t o  the  respect ive time. 
As evidenced by the  conditions presented i n  t h e  t a b l e  f o r  t hese  t racking  
vector  comparisons and the  pulsa t lng  in t eg ra t ing  pendulous accelerometer 
(PIPA) reconstructed vec tors ,  t he  simulation r e s u l t s  agree very closely.  

Coast t o  Impact 

A t  t he  second APS burnout,  t h e  ascent s tage  w a s  i n  an ea r th  in t e r sec t -  
ing e l l i p s e ,  coasting toward per igee.  For reent ry  simulation a b a l l i s t i c  
t r a j e c t o r y  ( f r ee  f l i g h t )  w a s  appl ied and it w a s  assumed t h a t  t h e  e n t i r e  
APS s tage  'survived t h e  atmospheric en t ry  (400 000) which based on simula- 
t i o n s  occurred at  -122' longitude and 22' l a t i t u d e .  
longitude and l a t i t u d e  of impact w a s  -113' and 18O, respec t ive ly .  

The corresponding 

A study w a s  made on d i f f e ren t  deorbi t  condi t ions,  where seve ra l  e l l i p s e s  
r e su l t i ng  from d i f f e ren t  a t t i t u d e  r a t e s  were inves t iga ted .  The poin t  of im- 
pact  for' all cases deviated from t h e  one presented by l e s s  than 2O i n  longi- 
t ude . 

. 
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The rate of  tumbling i n  t h e  above case i s  based on t h e  last a t t i t u d e s  
p r i o r  t o  gimbal lock ,  and it can be assumed t h a t  t he  rates increased during 
t h e  remaining 153 seconds of the  burn which would place t h e  poin t  of touch- 
down c lose r  t o  110' west longitude. Since PRA V c a l l e d  f o r  c los ing  of  t h e  

R C S  interconnect at 7 46 42 
a l l  rate damping terminated approximately 30 seconds p r i o r  t o  gimbal lock. 
It i s  the re fo re  highly improbable t h a t  t h e  ascent engine burned at  constant 
a t t i t u d e  i n  any d i r ec t ion ,  which could cause a considerable devia t ion  from 
t h e  deorb i t  e l l i p s e  of about -350 by 120 n.  m i .  perigee and apogee a l t i -  
tude , respec t ive ly .  indicates t h e  f luc tua t ion  of t h e  pred ic ted  
apogee a l t i t u d e  and shows t h a t  perigee never va r i e s  by more than 50 n. m i .  
which makes t h e  deviation of the  point of touchdown l e s s  than 2'. 
tude versus longitude curve i s  presented i n  f igu re  6. 

h m s  h m  fo r  system A and 7 46 53.63' fo r  system B, 

Figure 5 ( c  

The a l t i -  

Table V I 1 1  p resents  a summary of MSF'N coverage from PRA I11 t o  impact 
based on 0' e leva t ion  angle and 32 000 n. m i .  s l a n t  range. 

Table I X  p resents  a comparison o f  t h e  simulated tumble and b a l l a s t i c  
f r ee - f l i gh t  state vectors f o r  APS-2 t h r u s t  decay, reent ry  and impact. No 
t r ack ing  comparisons a re  presented for t hese  events as a r e s u l t  o f  radar 
contact being l o s t  a f t e r  gimbal lock. 

The state vectors i n  t a b l e  I X  were reconstructed from (1) guidance 
and navigation (G&N) PIPA accelerometer d a t a ,  (2 )  ex te rna l  t r ack ing  data 
and (3)  a quasi six-degree-of-freedom t r a j e c t o r y  simulation program. It 
is  t o  be noted t h a t  t h e  G&N PIPA reconstruction, which i s  considered t o  
be t h e  most r e l i a b l e  source f o r  best estimating t h e  ascent and descent 
propulsion system burns (APS and DPS) were considered t o  be the  f i n a l i z e d  
set of IMU performance e r r o r s .  

Considering the  comparison between PIPA reconstructed and simulated 
s t a t e  vectors at gimbal lock and the  c lose  agreement between t h e  same a t  
APS-1 cutof f ,  it w a s  concluded t h a t  a valid ascent s tage  t r a j e c t o r y  could 
be propagated forward using t h e  operational t r a j e c t o r y  simulation program. 

COORDINATE SYSTEMS 

Earth-Centered I n e r t i a l  (ECI)  Coordinate System ( X ,  Y ,  Z )  

I n  t h e  ECI coordinate system, t h e  X - a x i s  l i e s  i n  the  equa to r i a l  plane 
and i s  f ixed  along t h e  Greenwich meridian on t h e  midnight before launch. 
The Z-axis i s  d i r ec t ed  through t h e  mean r o t a t i o n a l  axis of t h e  e a r t h ,  posi- 
t i v e  no r th ,  and t h e  Y - a x i s  completes t h e  right-handed system ( f i g .  7 ) .  
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LM Spacecraft-Fixed Coordinate System (XB , YB , ZB) 

"he IN coordinate system i s  an orthogonal, right-handed system coin- 
cident with t h e  spacecraf t  axes. 

upper docking tunnel .  

s i g h t ,  and the YB-axis ( p i t c h )  completes t h e  system ( f i g .  2 ) .  

The %-axis (yaw) extends through t h e  

The Z B - a x i s  ( r o l l )  extends along t h e  crew l i n e  of 

zI Launch S i t e  Ine r t i a l  (LSI) Reference System ( X I ,  YI ,  

This i n e r t i a l  , orthogonal , right-handed system coincides with t h e  
launch s i te  ate t h e  t i m e  of launch ( f i g .  8 ) .  
down range i n  t h e  d i rec t ion  of t he  intended f l i g h t  azimuth (72') i n  t h e  
l o c a l  horizontal  plane. 

v e r t i c a l ,  and t h e  YI-axis ( p i t c h )  completes the  system. The spacecraf t  

i n e r t i a l  a t t i t u d e  angles are the ordered yaw, p i t ch ,  and r o l l  angles re- 
quired t o  ro t a t e  from t h i s  coordinate system t o  the  current  spacecraft-  
f ixed a t t i t ude  o r i en t  a t  i on. 

The X I - a x i s  ( r o l l )  extends 

The ZI-axis (yaw) extends upward along the  l o c a l  

Earth Relative Att i tude Reference System ( X R ,  Y R ,  Z R )  

This right-handed orthogonal coordinate system i s  referenced t o  a 
ro t a t ing  ear th .  

horizontal .  Yaw (ZR-axis) i s  measured from north.  Roll ( X R - a x i s )  i s  

referenced t o  t h e  l o c a l  v e r t i c a l  ( f i g .  1 0 ) .  

Pitch ( Y R - a x i s )  i s  referenced t o  t h e  plane of t h e  l o c a l  

I n e r t i a l  Measurement Unit ( I M U )  Reference System (XsM, YSM, Zm) 

The LA4 IMU is  an i n e r t i a l ,  orthogonal, right-handed reference system 
which becomes f ixed a t  l i f t - o f f .  This system i s  or iented so t h a t ,  a t  lift- 
o f f ,  t h e  Z (middle gimbal) axis i s  located 32' east of north i n  t h e  l o c a l  
hor izonta l  plane. 
above the  loca l  horizontal  plane.  The X (ou te r  gimbal) axis completes t h e  
right-handed system, 30' o f f  the  l o c a l  v e r t i c a l  ( f i g .  9 ) .  
i s  such t h a t  t h e  LM spacecraft  gimbal angle readings at l i f t - o f f  a re  122', 
Oo, and 30' for the  outer ,  inner ,  and middle gimbal angles,  respect ively.  
A schematic d iag ram of t he  LM spacecraf t  IMU has a l so  been included i n  
f igure  5 t o  show the  s t a b l e  member u n i t  vectors and the  axes of ro t a t ion  
about which the three  gimbal angles are measured. 

The Y ( inner  gimbal) axis l i e s  122' e a s t  of north 30' 

This o r i en ta t ion  

The def in i t ion  of t he  t r a j e c t o r y  parameters and t h e  o r b i t a l  geometry 
i s  i l l u s t r a t e d  i n  f igures  10 and 11. 
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f 

SPACECRAFT ATTITUDE PARAMETERS (TABLE IV) 

LM I n e r t i a l  P i tch ,  Yaw,  and Roll  

LM i n e r t i a l  p i t c h ,  r o l l ,  and yaw a re  t h e  LM r o l l ,  p i t c h ,  and yaw angles ,  
executed respect ively,  required t o  ro t a t e  from the  launch s i te  i n e r t i a l  
reference coordinate system t o  the current spacecraft-fixed a t t i t u d e .  

LM Relative Pi tch,  Roll, and Yaw 

LM relative p i t c h ,  r o l l ,  and yaw are the  LM r o l l ,  p i t ch ,  and yaw angles ,  
executed respect ively,  required t o  ro t a t e  from the  r e l a t i v e  a t t i t u d e  ref- 
erence coordinate system t o  t h e  current spacecraft-fixed a t t i t u d e .  

LM Gimbal Angles 

IMU gimbal angles , - inner ,  middle, outer  a re  the  LM p i t ch  , r o l l ,  and 
yaw angles,  executed respect ively,  required t o  r o t a t e  from the spacecraf t  
s t a b l e  member axes (IMU reference system) t o  t h e  current  spacecraft-fixed 
a t t i t u d e .  * 
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Event 

TABLE I.- TIME HISTORY OF APOLLO 5 MISSION EVENTS 

Mission elapsed t ime, 
h r  :min: sec 

Launch ,phase 

Guidance reference r e l ease  (GRR) 

Range zero - 22:48:08 G . m . t .  

Lift-off 

M a x i m u m  dynamic pressure 

S-IB inboard engines cutoff 

S-IB outboard engines outoff 

S-IB/S-IVB separation 

S-IVB start command 

LM ECS PR1, water valve ac tua te  

S-IVB cutoff s igna l  

Orb i t a l  Phase 
~ 

I n s e r t  ion 

Aerodynamic shroud j e t t i s o n  start 

SLA panel deployment 

I n i t i a t e  RCS +X t r a n s l a t i o n  

LM/S-IVB separa t ion  command 

I n i t i a t e  maneuver t o  DPS burn a t t i t u d e  

Ullage on 

F i r s t  DPS burn start (10 percent )  

DPS engine cutoff 

-00: 00:  05 

00: 00: 00 

00: 00: 00.36 

00 : 01 : 17 

00: 02:19 

00 : 02 : 22 

00 : 02 : 23 

00 : 02 : 25 

00: 03 :15 

00: 09: 53 

00 : 10 : 03 

00 : l o  : 38 

00 :lg :44. 

00: 53: 53 

00: 53 : 58 

03:55:04 

03: 59: 32 5 

03: 59: 40 

03 : 59:44. 
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Event 

TABLE I.- TIME HISTORY OF APOLLO 5 MISSION EVENTS - Continued 

Mission elapsed t i m e ,  
hr :min: sec 

Sequence i n i t i a t e  

RCS +X u l l age  start  

RCS +X u l l age  of f  

RCS +X u l l a g e  on 

RCS +X u l l age  off  

RCS +X u l l age  on 

DPS on (second burn) 

RCS +X ul lage  off  

DPS f ixed  t h r o t t l e  pos i t i on  

DPS engine off  

RCS +X u l h g e  start 

DPS engi-.e on ( t h i r d  burn) 

RCS +X u l l age  off  

DPS f ixed  t h r o t t l e  pos i t i on  

Abort s tage  

DPS engine off  

APS engine on (FITH) 

APS engine off 

6 : i o  : 00 
06:10 : 07.4 

06:10:17.5 

06:io : 22.4 

06 : 10 

06:io 

06:io 

27.2 

33.4 

41.7 

0 6 ~ 0 :  46.3 

06:11: 07.8 

06:11:14.7 

06:11:38.4 

06 :11: 46.7 

06 : 11 : 51.3 

06:12:12.8 

06:12 ~ 4 . 3  

06 :12 : 14.7 

06 :12 : 14.7 

06 :13 d . 3  
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Event 

TABLE I.- TIME HISTORY OF A P O U O  5 MISSION EVENTS - Concluded 

Mission elapsed t ime, 
hr:min:sec 

P R A V  ----- - 
Sequence i n i t i a t e  

RCS +X ul lage  on 

APS engine on 

Ullage off 

APS f u e l  depletion - coa'st t o  en t ry  

Entry (400 000 f t )  

Impact 

07 : 44: 0.3 

07 : 44: 12.8 

07:44:17.3 

07:50:13.8 

07 : 50 :41.0 

08:02:8.4 

h 
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